R
ice is the staple food for more than half of the world's population. In South and Southeast Asia, where the majority of the world's rice farmers live, flooding is a major limitation on yield. Although rice grows well in standing water, most varieties of rice will die if they are completely submerged for more than 3 days. Each year, 25% of the global rice croplands are inundated by flash floods, which are unpredictable and can occur several times a year. Yield losses caused by flooding disproportionately affect the poorest farmers in the world, millions of whom live on less than $3 a day.
The predicted effects of climate change will make rice production even more difficult in the coming years. Severe flooding is expected to become more frequent in many rice-producing parts of the world (Hirabayashi et al. 2013) . As glaciers in the Himalayas melt, river systems will experience more intense seasonal flows, leading to increased flooding of low-lying croplands. Most of the coastal rice production areas in the tropics and subtropics are vulnerable, especially low-lying deltas along the coastlines of South, East, and Southeast Asia, such as the Mekong and Red River deltas of Vietnam, the Ayeyerwaddy delta of Myanmar, and the GangesBrahmaputra delta of Bangladesh. These deltas provide between 34% and 70% of the total rice production in these countries, and any reduction in rice production owing to increases in the frequency of flooding will have serious consequences for food security (Wassmann et al. 2009 ). In Bangladesh, Eastern India, Vietnam, and Myanmar, people get about two-thirds of their total calories from rice.
Thus, an important goal for improving the rural economy and livelihood in these vulnerable countries is to develop rice varieties that can survive flooding. Because most of the world's poorest people get their food and income by farming small plots of land, the availability of rice varieties with enhanced tolerance to flooding is expected to make a major difference in food security for these farmers.
Unlike most commercially grown rice varieties, there are a few rice landraces that can survive prolonged submergence, and these are of great interest to rice breeders. For example, the ancient Indian rice landrace, Dhalputtia, has poor grain and yield qualities but is unusual in its ability to endure complete submergence for more than 14 days. The cultivar FR13A (Flood Resistance 13A) is a cultivar derived from the Dhalputtia landrace.
For more than 40 years, breeders at the International Rice Research Institute (IRRI) used FR13A and its progeny as donor parents to introduce the submergence tolerance into varieties grown by rice farmers. Because breeding was performed with relatively crude genetic tools based mainly on visual selection, the resulting varieties lacked many of the traits desired by farmers in the major rice-growing areas of Asia. Without knowledge of the exact genes needed to confer submergence tolerance, breeders unknowingly dragged in undesirable traits along with the submergence tolerance trait, which reduced yield and grain quality. For these reasons, the new varieties were not widely adopted.
Starting in the 1980s, researchers began to characterize the genetic basis for the submergence tolerance trait in cultivar FR13A. The goal was to generate tools that breeders could use to develop rice varieties with high yields and good grain quality that are tolerant to submergence. The results of this team effort led to the identification of the Sub1 locus and associated genes, development of rice "mega varieties" with submergence tolerance for farmers, and elucidation of the gene networks and physiological processes mediated by Sub1.
This review describes the research process that led to the development of submergencetolerant rice and the agronomic and socioeconomic impacts of the resulting varieties. We briefly review the technological advances that led to isolation of the Sub1A gene conferring submergence tolerance (Xu and Mackill 1996; Xu et al. 2000 Xu et al. , 2006 and describe its predicted mode of action . Finally, we discuss field-based research on the adoption of submergence-tolerant rice and evaluate the impact that growing submergence-tolerant rice has had for smallholder farmers Q1 ¶ .
MAKING A GENETIC MAP TO LOCALIZE THE SUBMERGENCE TOLERANCE GENES
Early genetic studies showed that rice submergence tolerance derived from the landrace FR13A had a relatively high heritability, with tolerance being partially to completely dominant (Suprihatno and Coffman 1981; Mohanty et al. 1982; Mohanty and Khush 1985; Sinha and Saran 1988; Haque et al. 1989) . The trait was thought to be controlled by one or a few loci with major effects and other loci with smaller, modifying effects. On the basis of these studies, breeder David Mackill and colleagues (University of California Davis; IRRI) began to investigate submergence tolerance using an approach combining the power of molecular markers and quantitative trait locus (QTL) analyses. This initial study used a population (DX18) of 169F 2 plants and their resulting F 3 families. This population was derived from a cross between IR40931-26 (indica), which inherits submergence tolerance from FR13A, and a breeding line, PI613988 ( japonica; submergence intolerant). In 1996, Mackill and colleagues showed that a major QTL, Sub1, was located between two restriction fragment length polymorphism (RFLP) markers (C1232 and RZ698) on rice chromosome 9 (Xu and Mackill 1996) . The Sub1 QTL was supported with a logarithm of odds (LOD) score of 36 and accounted for 69% of phenotypic variation in the F 2 population, indicating that the Sub1 locus is critical for conferring submergence tolerance in rice. Simultaneously, other teams (Nandi et al. 1997; Kamolsukyunyong et al. 2001; Toojinda et al. 2003 ) also reported the strong phenotypic effect of the Sub1 locus, confirming its effect as the major determinant of tolerance in conjunction with few other minor QTLs.
Based on these promising mapping experiments, the Ronald and Mackill laboratories launched a map-based cloning effort to isolate the Sub1 gene. Previously, the Ronald laboratory had successfully used this approach to isolate the rice Xa21 gene, which confers broad-spectrum resistance to a serious bacterial disease in Asia and Africa (Song et al. 1995) .
Researchers first performed fine mapping of the Sub1 QTL to characterize the Sub1 region in a large F 2 population of 2950 plants, which was derived from a cross between M202 (a widelygrown japonica rice cultivar in California) and DX18-121 (a tolerant line derived from FR13A). The resulting Sub1 high-resolution map consisted of 10 amplified fragment length polymorphism (AFLP) markers. Two of these markers cosegregated with Sub1 and eight were linked to Sub1 within 0.2 cM (Xu et al. 2000) . This fine map laid the foundation for physically mapping the Sub1 locus on rice chromosome 9.
Subsequent physical mapping of the Sub1 locus led to the identification of five bacterial artificial chromosome (BAC) and 13 binary clones that overlapped each other and that entirely covered the Sub1 region . By developing more markers from these BAC and binary clones and analyzing an expanded F 2 population of 4022 plants, Kenong Xu was able to delimit the Sub1 locus to a region of 182 kb between markers CR25K and SSR1A ).
Xu and Ronald next performed complete sequencing of the 182-kb Sub1 region and identified 13 genes in the region, including three that encoded for proteins with ethylene responsefactor (ERF) domains, which showed similarity to known transcription factors. These genes were designated Sub1A-1, Sub1B, and Sub1C-1. The team found that the corresponding Sub1 region in the sequenced genome of japonica rice Nipponbare (International Rice Genome Sequencing Project 2005), which is intolerant of submergence, spans only 142 kb and lacks Sub1A-1.
In collaboration with Mackill and colleagues at IRRI, Xu and Ronald next performed an allelic variation survey of the Sub1 genes in 21 additional rice varieties. They found that the Sub1A-1 and Sub1C-1 alleles were present in all six submergence-tolerant accessions studied, including FR13A, Goda Heenati, and Kurkurapan, but were lacking in the intolerant varieties. There was no correlation between the presence of a specific Sub1B allele and submergence tolerance.
Using gene expression analysis, Xu observed that Sub1A-1, but not Sub1B or Sub1C-1, was rapidly induced on submergence in the submergence-tolerant variety. These data suggested that Sub1A-1 (referred to here as Sub1A) controlled the Sub1-mediated submergence tolerant response.
To functionally assess if Sub1A conferred submergence tolerance, Xu and others in the Ronald laboratory created a construct containing the Sub1A full-length cDNA under the control of the maize Ubiquitin1 promoter (Christensen and Quail 1996) and overexpressed this construct in a submergence-intolerant japonica rice. Submergence screening of the resulting T1 transgenic plants identified four independent T1 families segregating for submergence. A detailed analysis of two of the four T1 families showed a complete correlation between high expression of the Sub1A transgene and submergence tolerance (Fig. 1) , leading to the conclusion that Sub1A is sufficient to confer submergence tolerance to an intolerant variety ).
MARKER-ASSISTED BREEDING AND FIELD ASSESSMENTS
Initially, the IRRI group monitored the Sub1 locus using markers closely linked with the gene. However, the availability of the sequences from BAC clone AP005907, which carried the sequences of the Sub1 genes, soon facilitated the development of six more markers tightly linked to the Sub1 QTL. This approach allowed for the transfer of the "donor" (Sub1) genetic region to be precisely monitored. With knowledge of the precise location and sequence of Sub1A and the ability to select against other regions of the FR13A genome that potentially were associated with undesirable agronomic characteristics, the Sub1 locus could be precisely introduced into a wide range of recipient rice varieties favored by farmers, while at the same time minimizing the effects of "linkage drag" from the Sub1 donor (Neeraja et al. 2007 ). This work resulted in the introduction of Sub1 into rice varieties popular in South and Southeast Asia. The first of these was the mega variety Swarna, which is grown on approximately five million hectares in India and on additional areas in Bangladesh and Nepal .
As described in an earlier review (Xu et al. 2013) , the new rice variety-called SwarnaSub1-was tested in farmers' fields in Bangladesh and India. In the absence of flooding, both Swarna and Swarna-Sub1 yield 5 to 6 tons per hectare. However, in the presence of flooding, fewer plants of the Swarna rice crop survived (0% to 20% in most cases depending on floodwater conditions and duration; Das et al. 2009 ), whereas the Swarna-Sub1 rice flourished-80% to 95% of it survived (Fig. 2) . This enhanced survival means that farmers growing the Swarna-Sub1 variety gain 1 to >3 tons per hectare yield advantage compared with farmers growing the intolerant cultivars following floods ). Using this marker-assisted breeding approach, the IRRI team also generated and released several additional Sub1 varieties in six countries (Indonesia, Nepal, Mynamar, India, Bangladesh, and Philippines).
Researchers at IRRI collaborated with national research systems, national and state governments, nongovernmental organizations (NGOs), and public and private seed producers and breeders to multiply and disseminate Swarna-Sub1 seeds and seeds of other Sub1 varieties. The Bill and Melinda Gates Foundation supported stress-tolerant rice for Africa and South Asia (STRASA), an IRRI program in collaboration with AfricaRice (Baltazar and Samantaray 2018) . STRASA assisted with the development and dissemination of Sub1 rice and other rice varieties since 2007. In 2017 alone, more than six million farmers in India, Bangladesh, and Nepal grew Sub1 rice.
The isolation of Sub1A paved the way for investigations into how Sub1A conferred the powerful and beneficial phenotypic effect: tolerance to submergence. As discussed above, the sequence of Sub1A indicated that it was similar to proteins that serve as transcription factors, which can regulate a large set of genes. Furthermore, the predicted Sub1A transcription factor, showed similarity to transcription factors activated by the plant hormone ethylene.
This observation was consistent with previous studies. In 1996, scientists reported that ethylene accumulates in response to submergence stress (Banga et al. 1996; Kende et al. 1998; Peng et al. 2001) and that this stress triggered syn- Figure 1 . Expression of the Sub1A transgene (right) confers robust tolerance to submergence compared with the control rice (left). Plants were grown for 2 weeks, submerged for 2 weeks, and then allowed to cover for 2 weeks before photography (Ronald laboratory). This work was significant because it represented the first isolation of a quantitative trait locus (QTL) with an important agronomic effect. Isolation of Sub1A and the 180 kb of genetic sequence surrounding the gene set the stage for advanced marker-assisted breeding at the International Rice Research Institute (IRRI) (Neeraja et al. 2007; Septiningsih et al. 2009; Mackill et al. 2012 ).
thesis of another important plant hormone called gibberellic acid (GA) known to induce shoot elongation (Kende et al. 1998; Peeters et al. 2002) .
In 2006, experiments led by Julia BaileySerres and Takesh Fukao at the University of California, Riverside showed that the presence of Sub1A represses GA synthesis and GA-mediated signaling pathways. This repression results in a reduction in shoot elongation. Thus, during a flood, when the plants are submerged, shoot elongation of Sub1 is reduced. Bailey-Serres and team further showed that SUB1A exerts its effect by reducing carbohydrate consumption, preventing chlorophyll breakdown, and activating alternative energy pathways. Thus, the Sub1A plants adopt a "hold your breath" strategy: They stop growing until the flood subsides, conserving energy needed for survival (Singh et al. 2001; Das et al. 2005 ).
Adoption, Impact, and Diffusion of Sub1 Rice
Research on Sub1 next focused on the adoption, impact, and diffusion of these rice varieties. Does Sub1 still confer its key benefits in the fields of resource-constrained farmers whose objectives (maximizing profits) may be very different from those of scientists in agronomic trials? Who benefits the most from Sub1? Are there unexpected benefits that result from making rice more flood tolerant?
Answering these questions required experimentation with Sub1 varieties in farmers' fields instead of in controlled research facilities. The initial introduction of Sub1 into farmer's fields focused on farmers that were known to IRRI scientists. Rigorously establishing impact in farmers' fields required testing new varieties with a broader population of farmers. Moreover, random assignment of Sub1 varieties to farmers was important to more fully characterize its impact on a diverse population of farmers. Starting in 2011, shortly after Swarna-Sub1 had been released in India by IRRI, Emerick and colleagues began a randomized controlled trial to evaluate the efficacy of Sub1 varieties that were distributed to a broad group of smallholder farmers. For this purpose, researchers randomly divided 128 villages (Fig. 3) across two districts in the state of Odisha into two groups: a treatment group in which five farmers were provided with 5 kg of Swarna-Sub1 seed and a control group in which farmers continued to grow their chosen varieties-most often Swarna ). This investigation confirmed earlier results ) that Swarna-Sub1 delivers yield advantages to farmers during flooding, and does not affect yield under nonflood conditions. Heavy flooding affected coastal parts of Odisha in September 2011. This event resulted in differential flood exposure for the 128 villages in the study. The fields grown with Swarna-Sub1, but not affected by flooding, produced rice yields similar to that of Swarna (Fig. 4) . In contrast, relative to Swarna, Swarna-Sub1 had 45% higher yields on fields that were flooded for 10 days. In other words, the previously observed higher yield of Swarna-Sub1 during flooding showed in initial field tests by the IRRI team were confirmed for a broader set of farmers ). The next step was to better understand who would benefit from diffusion of Swarna-Sub1. Using satellite data on flooding and geo-referenced census data, Dar et al. (2013) found that flooded areas were more heavily occupied by lower caste farmers. These farmers are economically and socially disadvantaged according to a number of metrics, including education, income, and consumption. Taken together, Dar et al. (2013) provided evidence that Swarna-Sub1, by lessening the damage from heavy flooding, delivered the highest impacts for the most marginalized segments of the farming population.
In addition to this biological mechanism (higher yields), there is an economic mechanism through which Sub1 rice can improve outcomes for farmers. The 2012 wet season-the second year of the experiment-was not a flood year in Odisha. Yet, farmers randomly introduced to Swarna-Sub1 before the 2011 season had 10% higher rice yields in 2012, even in the absence of flooding (Emerick et al. 2016) . How can this finding coexist with the established agronomic evidence that Swarna-Sub1 yields the same as Swarna under normal conditions? In short, planting Swarna-Sub1 reduces downside risk for the farmer, that is, the likelihood of a really bad harvest. By reducing this risk, introducing Swarna-Sub1 made farmers more comfortable in investing in their fields early in the season. Emerick et al. (2016) show that farmers introduced to Swarna-Sub1 used more fertilizer, were more likely to engage in a labor-intensive planting method, and cultivated more area (Fig. 5) . Overall, the findings suggest that >40% of the yield gains from Swarna-Sub1 arise from increased investment in their farms. Measuring these benefits required experimentation in the real-world scenario in which researchers could observe the effect of Sub1 technology on the profit-maximizing decisions of farmers.
With regard to diffusion, the data indicate that Sub1 varieties are being adopted in floodprone areas of Bangladesh (Kretzschmar et al. 2018) . IRRI has partnered with state and local governments to target the dissemination of Swarna-Sub1 in India to the most flood-prone areas. Using remote sensing observations of past flooding, IRRI has identified key target areas for dissemination and provided this information to state governments. The initial strategy for diffusion was to distribute minikits (a small package of seeds) at no cost to a small number of farmers in each village and then rely on diffusion through informal farmer-to-farmer seed trading networks.
The data show this approach of providing seed through diffusion has limitations. Emerick (2018) showed that farmers are willing to pay market prices for Swarna-Sub1, but are not always able to obtain the seeds from neighbors under informal seed trading, in which farmers trade seeds for seeds of another variety. Specifically, in 2013 Swarna was available to farmers in the Indian state of Odisha for a price of 12.5 rupees/kg. Farmers predominantly obtain new Swarna seeds from government supply centers to benefit from generous subsidies. In experiments led by Emerick (2018) , public meetings were held during the 2012 season to educate farmers on the benefits of Swarna-Sub1. Five farmers in each of 82 villages were then provided Swarna-Sub1 seed, free of cost. The villages were then divided into two groups. In the first group of 41 villages, farmers could only obtain seeds by trading seeds of another variety with the five farmers who had received and grown the Swarna-Sub1 seeds. In the second group of 41 villages, 15 different farmers were given the opportunity to purchase Swarna-Sub1 seeds directly from an NGO at different prices. The NGO did not provide any new information about Swarna-Sub-only the same information provided at the original public meeting. Data reveal that the system of informal farmer-to-farmer trading (the first group of villages in this study) results in only 7% adoption of SwarnaSub1, whereas a much higher percent of farmers (35% at a price point of 14 rupees/kg, and 41% at a price of 12 rupees/kg in the second group of villages in this study) were willing to pay for the variety through door-to-door sales (Emerick 2018) . In sum, relying on informal diffusion between farmers prevents Swarna-Sub1 from reaching farmers that are willing to pay for the variety. Emerick (2018) provides evidence for one possible explanation of the data: informal trading limits seed transfers to farmers within well-defined social networks, such as caste groups. Ongoing work is therefore needed to test new ways to introduce Sub1 varieties to generate broader diffusion that will increase the rate of diffusion outside these limited social networks. For instance, making seeds locally available for purchase, and thus eliminating the need to rely on seed exchange with other farmers, would likely result in more widespread adoption.
CONCLUDING REMARKS
It is estimated that an additional 116 million tons of rice will be needed by 2035 to feed the growing population (Seck et al. 2012) . Herein, we have reviewed the scientific advances that led to the identification of the Sub1A gene, which confers submergence tolerance to rice, and the subsequent diffusion and adoption of flood-tolerant Swarna-Sub1 rice to farmers in South and South East Asia. In addition to flooding, other environmental stresses such as drought, salinity, and heat stress are predicted to be increasingly Percentage impact of introducing Swarna-Sub1 on the listed outcomes (dots). The black bands show the 95% confidence intervals. The figure shows that Swarna-Sub1 farmers obtained higher yields, increased cultivated area, used more fertilizer (conditional on area), and were more likely to transplant their fields. All these effects occurred in a year without flooding. (Image based on authors' calculations using the replication data in Emerick et al. 2016.) problematic for farmers as the climate warms. Thus, as has been performed for Sub1, there is a need to identify genes that confer robust tolerance to environmental stresses and to use this information to develop new varieties of rice and other staple crops.
The research on Sub1 also shows the complementarity between research in genetics, agronomy, and the social sciences. Identifying genes, developing new varieties, and assessing their performance in field trials is the fundamental starting point. Social scientists are needed to evaluate the overall economic impacts of newly developed varieties and technologies. In many cases, the availability of new varieties changes the investment strategies of farmers. For instance, it may prompt farmers to cultivate more farmland or use more fertilizer-both responses that could further affect profitability. Once these behaviors are understood, there may be room for complementary policies that make these adjustments easier. For example, enhancing access to land that can be rented on fair terms would allow farmers to expand cultivation. Additionally, farmers may need access to credit to increase their fertilizer use. Overall, these results highlight the value of rigorous and randomized field experimentation to adequately assess the overall economic impacts of new varieties. Our research also indicates the need for additional research to inform policies that will speed the diffusion of these new and beneficial varieties.
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